nor the IL-3-cultured bone marrow cells released significant amounts of PGE, when stimulated with PMA or IL-3, although PMA and IL-3 both induced translocation of protein kinase C (PKC) to the membrane fraction. The lack of production of PGE, and other eicosanoids by the PMAand IL-3-stimulated cell lines was confirmed by measuring the release of 3H-arachidonic acid. The data suggest that in IL-3-dependent bone marrow cell lines the activation of eicosanoid metabolism requires elevated cellular Ca2+; PKC activation alone does not appear to be a sufficient stimulus. 0 1990 by The American Society of Hematology.
aspects of immune responses produce interleukin-3 (IL-3), a multilineage hematopoietic growth factor, that can promote the survival, proliferation, and development of multipotent stem cells and myeloid committed progenitor cells from the granulocyte-macrophage (GM), erythroid, eosinophil, megakaryocytic, mast cell, and basophilic lineages.1°-12 It gives rise to an interesting question of whether the hematopoietic cells regulated by IL-3 have a potent capacity to release eicosanoids.
When hematopoietic stem cells are cultured in the presence of IL-3 they develop into clones containing multiple lineages, while in the absence of IL-3 they stop growing and die within 48 hours.I3 The active cell death, apoptosis, is caused by DNA fragmentation with activated endogenous endonu~leases.l~*~~ However, phorbol ester (PMA) and/or calcium ionophore A23187 can replace IL-3 for the regulation of DNA synthesis, adenosine triphosphate regulation, and hexose transport in the factor-dependent cell lines, suggesting that either activation of protein kinase C (PKC) or increased cytosolic levels of Ca2+ contribute to IL-3-dependent cell growth.I6 PKC and cytosolic calcium are also important in initiating AA metabolism and subsequent eicosanoid production in M@ and other mature cell populations."
To assess eicosanoid release during multilineage hematopoiesis, bone marrow cells proliferating under the influence of IL-3 and cloned IL-34ependent cell lines were stimulated with reagents such as PMA, A23187, and IL-3. Our data show the production of relatively large amounts of PGE, and LTB, after A23 187 stimulation. In sharp contrast, they also show the failure of any eicosanoid release with PMA and IL-3 despite the induction of DNA synthesis and translocation of PKC by both PMA and IL-3 in a single clone line of IL-34ependent cells. From these results, the exclusive production of IL-3 by T lymphocytes leads to the concept that IL-3 mediates an immunologic mechanism for the regulation of eicosanoid-releasing cell formation. In addition, these IL-34ependent cells may use a signal transduction PROSTAGLANDIN E,-PRODUCING CELL LINES 1587 pathway for eicosanoid metabolism different from that of mature MO.
MATERIALS AND METHODS
CBA/J female mice, 7 to 9 weeks old (Charles River Japan, Inc, Hino, Shiga, Japan) were maintained in barrier-filtered cages and fed Charles River CRF-1 and tap water ad libitum.
Bone marrow cells were isolated by flushing the marrow cavities of the femurs with ice-cold medium RPMI 1640 and gently refluxing the expelled cell plug with a Pasteur pipet to form a single cell suspension.
Source of IL-3 and other growth factors. The WEHI-3 myelomonocytic leukemia cell line was obtained from Dr H. Nariuchi, Institute of Medical Science, University of Tokyo and was maintained in RPMI 1640 supplemented with 5% fetal bovine serum (FBS; M.A. Bioproducts, Walkersville, MD). The conditioned medium from WEHI-3 supernatant (W3CM) used in the study was prepared as reported by Dexter et a1.I8 Recombinant murine IL-3 was purchased from Genzyme Corp, Boston, MA. IL-3 activity was determined as described by Bazile et al," using the FDC-P2 cell line obtained from Dr Nariuchi.
The IL-34ependent cell lines such as FDC-P2 and others which were cloned in our laboratory were maintained in RPMI 1640 medium containing 10% heat-inactivated FBS and 10% W3CM.
Murine purified GM-CSF (2.2 x lo5 U/mg, assayed by colony formation of mouse bone marrow cells) and human recombinant G-CSF ( lo9 CFU/mg, assayed by colony formation of mouse bone marrow cells) were purchased from Genzyme. Conditioned medium from the L-929 fibroblastic cell line (LCM) was used as a source of Cellular viability and DNA synthesis of IL-3-dependent cells. Each cell line was inoculated at 1.5 x lo5 cells/mL in a 96-well plate, 200 pL/well, with RPMI 1640 plus 5% FBS in the presence of various reagents or growth factors. After 24 hours at 37OC, viable cells were counted following trypan blue dye exclusion. To assess DNA synthesis, each well was pulsed with 0.2 pCi ['HI thymidine for the last 6 hours of culture.
Labeling of cellular phospholipids with 'H-arachidonic acid. Cells at approximately lo6 cells per mL of RPMI 1640 plus 5% FBS + 5% W3CM were incubated with 1 pCi of (5,6,8,9,11,12,14,15- 'H)-arachidonic acid (SA 225 Ci/mmol/L, New England Nuclear Corporation, Boston, MA). After 4 hours, the media were removed, and the cells were washed twice with Ca2+ and Mg2+ free PBS and resuspended in RPMI 1640 as reported previou~ly.~ The cells, labeled with 'H-AA for 4 hours, were cultured in 1 mL of serum-free RPMI 1640 with various stimuli, including phorbol PMA, calcium ionophore A23 187 (both from Sigma), bacterial lipopolysaccharide (LPS, Difco), and IL-3 (Genzyme), at 37OC in 5% CO, in air. After 2 hours, the tubes were centrifuged at 1,OOOg for 10 minutes to remove cells; 1 mL samples of the supernatants were extracted with 3 mL of petroleum ether. The aqueous phases were then re-extracted with 3 mL of ethyl acetate/isopropanol/O.l mol/L citric acid (3:3:1), 2 mL of ethyl acetate, and 3 mL of water. The organic phase was evaporated to dryness under a stream of N, at 40°C. Residues were dissolved in 0.2 mL of ethyl acetate/methanol (3:l) and aliquots spotted on 1 x 20 cm thin layer chromatography (TLC) silica gel plate in parallel with authentic PGE, standards (Sigma). The plates were developed with ethyl acetate/methanol/acetic acid (95:5:1), dried, then redeveloped in the same direction with hexane/ethyl ether/acetic acid ( 6 0 4 0 1) as described previ~usly.~ The PGE, zones were removed and quantified by liquid scintillation spectrometry. Recovery of an authentic )H-PGE, (NEN) was 77% i 4% (n = 3).
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Assay of PGE, release and synthesis.
Radioimmunoassay (RIA) of PGE, LTB, and LTC,. Cells were washed with conditioned medium, free of IL-3, and allowed to stand at 37OC for 2 hours in the same media. After washing, the cells were resuspended in serum-free RPMI 1640. The cells were incubated with or without stimulatory agents such as calcium ionophore A23187 and PMA at several concentrations. After 2 hours the incubation media were collected and the levels of PGE,, LTB,, and LTC, measured by RIA using the polyethylene glycol precipitation method or the dextran-coated charcoal binding method as described previou~ly.~ Ion exchange and hydroxyapatite fractionation of soluble and membrane-associated P K C f r o m IL-3-dependent cells. IL-34ependent cells at a concentration of lo8 cells, prepared as described above, were exposed to IL-3 (100 U/mL), PMA M), or medium alone at 37OC for 10 minutes. They were then washed and sonicated in 20 mmol/L Tris, pH 7.5,0.25 mol/L sucrose, 2 mmol/L EDTA, 10 mmol/L EGTA, 1 mmol/L PMSF, and 10 pg/mL leupeptin. The cell lysates were spun at 100,OOOg for 60 minutes and the supernatants and pellets used to analyze PKC as cytosol fraction and membrane fraction, respectively. The pellets were further solubilized with 1% triton X-100. Both supernatants and solubilized membranes were fractionated by ion exchange using a MONO Q column (Pharmacia). A linear gradient of 0 to 1 mol/L NaCl was applied in buffer containing 20 mmol/L Tris, pH 7.5, O S mmol/L EGTA, 0.5 mmol/L EDTA, and 10 mmol/L 2-mercaptoethanol. A peak of kinase activity that eluted at the position expected for PKC (approximately 0.2 to 0.3 mol/L NaC1) was pooled and applied to hydroxyapatite (packed hydroxyapatite column type S, Koken, Tokyo, Japan). The kinase was eluted with a linear gradient of potassium phosphate at pH 7.5 in a buffer containing 0.5 mmol/L EDTA, 0.5 mmol/L EGTA, 10% glycerol and 10 mmol/L 2-mercaptoethanol. Fractions were assayed for kinase activity in a reaction containing 20 mmol/L Tris, pH 7.5, 5 mmol/L MgCI,, 10 pmol/L y-',P-ATP (50 to 100 cpm/pmol), 100 pg/mL histone, 8 pg/mL phosphatidylserine, and 0.8 pg/mL diolein, with either 0.5 mmol/L CaCI, or 2.5 mmol/L EGTA. Phosphorylated histones were collected on nitrocellulose filters after precipitation with TCA.
RESULTS
Eicosanoid releasing capacity by primary bone marrow cells cultured with ZL-3 or CSF-1. To detect the capacity for eicosanoid release in cells responding to IL-3, bone marrow cells freshly isolated from C B A / J mice were incubated with 10% W 3 C M for periods of up to 28 days. Previous observations showed little eicosanoid-releasing activity following treatment of marrow adherent cell populations containing M(h2' I n this study the nonadherent cell populations proliferated, and these cells were collected and further stimulated with A23 187 and PMA. Radioimmunoassay (RIA) detected PGE, and LTB, release in the 4-daycultured cells stimulated with A23187 (28 ng/106 cells/mL and 1.3 ng/mL, respectively) (Fig 1) . Release of both PGE, and LTB, gradually increased with time in culture and reached plateau levels by 10 days (42 ng of PGE,, 4 ng of LTB,, Fig 1) . Little or no LTC, release was observed during these sampling intervals, using an assay with a sensitivity of 0.5 ng/mL. T h e level of PGE, released after P M A stimulation, in contrast, was 4 ng/mL on day 0 (control), and did not exceed control levels during the entire period of culture ( Fig  1) . Bacterial lipopolysaccharide (LPS) treatment at 0.1 to 100 pg/mL likewise failed to stimulate significant release of PGE, (data not shown).
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Days in culture
When nonadherent bone marrow cells were cultured with 10% LCM instead of W3CM, trivial increases in PGE,, LTC, or LTB, following stimulation with A23187 or PMA were observed for periods of up to 16 days (data not shown).
To obtain bone marrow cells whose growth is completely dependent on IL-3, more than 30 lines were cloned from the 28-day bone marrow cultures in the presence of W3CM. All lines exhibited an absolute requirement for the continued presence of IL-3 for sustained growth. Murine CSF-1, GM-CSF and G-CSF did not prolong the survival or support the DNA synthesis of these clones. Table 1 describes the behavior of three typical clones, 11-1-A6, 11-1-Al, and 3-2-D5.
It has been reported that PMA and A23187 can support the survival and the DNA synthesis of several IL-3-dependent cell lines.16 As shown in Table 1 , 11-1-A6, 11-1-Al, and 3-2-D5 showed high, low, and intermediate responses to PMA and to A23187 with respect to DNA synthesis. Treatment of 11-1-A6 with PMA or A23187 (both at M), for example, resulted in 37 times and 20 times higher responses than the medium control after 24 hours ( Table 1) . The results of viable cells determined by trypan blue dye exclusion in ll-l-A6, 11-1-Al, and 3-2-D5 were 130%, 67%, and 13% of starting cell number, respectively, responding to PMA, whereas the cell number was less than 13% in the medium control (data not shown).
All three cell lines showed immature cell morphology as determined by Giemsa staining (data not shown). more, fewer than 10% of each cell line expressed either Thyl.2, surface Ig, Mac-1, Mac-2, F4/80, asialo GMl, Fc-receptor-dependent phagocytosis, or phagocytosis of latex (data not shown). However, all of these lines showed positive staining for both peroxidase and a-naphtyl-acetateesterase (data not shown). In subsequent experiments we have been unable to induce maturation of erythrocytes, megakaryocytes, MO, neutrophils, or mast cells in these cell lines using the appropriate growth conditions and additions such as erythropoietin, TNFa, IFNy, CSF-1, GM-CSF, G-CSF, dimethylsulfoxide, PMA, or A23187 (data not shown).
To assess eicosanoid release, each IL-34ependent cell line was washed free of support-conditioned medium, cultured at 37OC for 2 hours in serum-free medium and stimulated with PMA or A23187, each at to mol/L. A23187-stimulation resulted in the release of relatively large amounts of PGE, and LTB, but not LTC, by all three clones (Fig 2) . The maximum effect for LTB, release was attained by A23187 at mol/L (data not shown), which also resulted in maximum PGE, release (Fig 2) . For example, supernatants from clone l l-l-A6 showed over 60 ng PGE, and 4 ng LTB,. The synthesis of PGE, and LTB, was completely inhibited by pretreatment with indomethacin ( mol/L) and nordihydroguaiaretic acid ( mol/L) respectively (data not shown).
mol/L or with
Eicosanoid release by IL-3-dependent cell lines.
However, stimulation with PMA at 
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RPMl1640at 106cells/mL with 20 A23187 (MI IL-3 at 100 U/mL induced little or no increase in PGE, release in any of the IL-3-dependent cell lines (Fig 2) . Furthermore, no additive or synergistic effect of the stimulation with PMA plus A23187 on 5-lipoxygenase products such as LTC, and LTB, was seen in these cell lines (data not shown). These observations are distinctly different from results reported for peritoneal M#." Incorporation and release of 'H-AA by the ZL-3-dependent cell lines. Table 2 shows that when IL-3-dependent cells were incubated with 'H-AA for 4 hours, uptake in membrane phospholipids was 53% to 61% of the total radioactivity with little variation among the three cell lines tested. The distribution of the incorporated arachidonate in membrane phospholipids is also shown in Table 2 . In each cell line, 90% to 94% of the incorporated fatty acids was recovered in the major phospholipids. Less than 3% of the radioactivity in lipid extracts of the cells was present as free AA.
Relatively large amounts of 'H-eicosanoids were released in each radiolabeled cell line when stimulated by A23187 at mol/L for 2 hours ( Table 2 ). The 'H-eicosanoids release contained significant amounts of 'H-PGE, as analyzed by TLC and the observations parallel those noted in Fig 2 (data  not shown) . However, PMA-and IL-3-stimulated cells did not release 'H-eicosanoids or 'H-PGE, greater than unstimulated background levels.
Characterization and translocation of Ca2+-dependent PKC. To assess the activation of PKC by PMA or IL-3 in clones that did not respond to these agents with PGE, production, we measured translocation of PKC from the cytosolic to membrane fraction of one representative done, 11-i-A6. Most of the PKC activity in both ll-l-A6 cytosol Pretreatment of the intact cells with PMA M) and IL-3 (100 U/mL) for 10 minutes at 37°C resulted in a marked decrease of cytosolic enzyme activity and remarkably increased membrane-associated activity ( Table 3) . The results, together with the fact that PMA and IL-3 are mitogenic for the clones, suggest that the failure of PMA or IL-3 to stimulate PGE, production is not due to a defect of PKC activation.
Hydroxyapatite column chromatography showed a single peak of PKC activity in the ll-l-A6 cytosol that eluted at approximately 0.13 mol/L phosphate (Fig 3) . This enzyme corresponds to the a-type of PKC," which has been shown to be widely distributed in many tissue^.^' Other subspecies of PKC were not detected using H1-histone as the substrate.
DISCUSSION
The present data clearly indicate that TL-3, a multilineage hematopoietic growth factor, induces the in vitro proliferation of bone marrow cells which have the capacity to produce large amounts of eicosanoids. A more specific and provocative finding is that the several IL-34ependent cell clones show strong PGE,-produotion. The amounts of PGE, released by the IL-3-dependent cell lines, approximately 50 to 60 ng/106 cells/mL, are almost comparable with those released by bone marrow M# and splenic M# isolated from Corynebacterium parvum-primed as well as by stimulated peritoneal M# from normal mice.' In contrast, CSF-1-induced bone marrow M# release relatively small amounts of eicosanoids. These results imply that IL-3, which is produced by activated T lymphocytes during immune reactions and i n f l a m m a t i~n , '~.~~ is important in the formation of eicosanoid-releasing cells, whereas CSF-1, an M@-specific growth factor," is not.
Another interesting finding in this study is that while calcium ionophore can dramatically enhance eicosanoid release, PMA, LPS, and IL-3, all of which are known PKC activators,26-28 fail to stimulate this release by the primary IL-3-containing bone marrow cell cultures and the IL-3-dependent cell clones. In contrast, large amounts of cyclooxygenase products such as PGE, are released by PMA-, LPS-, or A23 187-stimulated peritoneal M@ and splenic M@.5.'7 Activation of PKC as indicated by translocation, and cell proliferation of 1 1 -1 -A6 are observed following IL-3 or PMA stimulation. Thus, it seems that stimulation of PKC by PMA or IL-3 is not capable of promoting eicosanoid metabolism in our IL-3-dependent cells, but rather that eicosanoid production is dependent on an increase in cytosolic Ca2+ as induced by A23187.
Although very little is known about the exact process of activation of AA metabolism, a number of triggers that initiate the AA cascade in leukocytes have been de~cribed.'~.'~ Recently, Bonney et a13" have suggested that PMA and LPS stimulate indirectly via a process that requires protein synthesis, while A23 187 stimulation can bypass this protein synthesis requirement. More recently, Schonhardt and Ferber have reported that the initiation of AA metabolism depends to a great extent on the availability of free AA, which is controlled mainly by the liberation of AA from phospholipids catalyzed by a specific phospholipase A, (PLA,) 
Fraction number
and by the reacylation reaction catalyzed by the acyl-CoA: lysophosphatide a~yltransferase.~' It is strongly suggested that both enzymes are regulated via phosphorylation by protein kinases, including PKC in platelets and M@.32*33 A PKC-induced phosphorylation of inhibitor proteins of PLA,, lipocortins, may lead indirectly to an activation of PLA,,32,34 which was reported to be Ca'+-inde~endent.~' The dysfunction of phosphorylated proteins is one possible cause for the lack of responses to PMA and LPS in our IL-3-dependent cells. However, our results do not explain whether heterogeneity of PKC subspecies, which is expressed in a tissue3' and in a cell-specific fashion,36 is associated with differential cellular responses to PKC activators such as DNA synthesis and AA metabolism. In contrast to the IL-3-dependent clones, which express a-type PKC, a preliminary analysis of PKC species in thioglycollate-elicited peritoneal M@ showed that these cells express predominantly &type PKC (data not shown).
It is generally believed that the divalent cation ionophore A23 187 bypasses receptor-mediated activation mechanisms due to an increase in cytosolic free calcium derived from the external media and/or the cellular organella. Because a Caz+-dependent PLA, localized in the membrane was increased in activity 5 to 10 times by A23 187 but not by PMA in the IL-3-dependent cells (submitted for publication), the increases in cellular CaZ+ levels may directly activate the enzyme.37
The established cell lines whose growth and survival are sustained with IL-3 appear to be comprised of mixtures of undifferentiated blast cells and early promyelocytes as indicated by their cytochemical characteristics and unresponsiveness to other growth factors such as GM-CSF, G-CSF, and M-CSF. Therefore, the cell lines used here seem to share the characteristics of FDC-P2." Significant release of AA metabolities such as PGE, and LTB, (43 ng/mL and 3 ng/mL, respectively), but not LTC, were also observed in FDC-P2 stimulated with A23187. As expected, however, no PGE, was released after PMA stimulation (data not shown). In addition, there is no exception regarding eicosanoid release among other IL-3-dependent myeloid and M@like cell lines that were established a t the same time as the three cell lines 
a
For personal use only. on November 10, 2017. by guest www.bloodjournal.org From in this study. Furthermore, the characteristics of AA metabolism in these cell lines, including FDC-P2, remain stable after culture with IL-3 for more than 6 months (data not shown). However, it is uncertain whether the lack of response of immature IL-3-dependent cells to PMA or LPS in terms of PGE, production is a characteristic expressed at a sequential step during hematopoietic cell maturation or an expression of heterogeneity of AA metabolism among different cell populations. Unpublished observations in our study using bone marrow cells cultured in the presence of GM-CSF also suggested that multilineage bone marrow cells, especially myeloid cells, developed under the influence of hematopoietic growth factors are associated with the capacity for AA metabolism stimulated by A23 187 but not by PMA. This idea is consonent with other studies showing that growth factor-stimulated myelopoiesis is regulated, at least in part, by intrinsic cyclooxygenase-and lipoxygenase-dependent metabolites .
38-40
Finally, the minimal release of LTC, by the IL-3-dependent cells is analogous to the situation in MO, which appear in the bone marrow and spleen during Cparvum
In contrast to the IL-3-dependent myeloid cell lines, previous reports by Razin et a14' and our preliminary results both showed that bone marrow-derived mast cells grown in the presence of IL-3 and a cloned factor-dependent mast/basophil cell line, PT18,"' release mainly lipoxygenase products, including LTC,, following stimulation with a cross-linking IgE receptor or with A23187. The amount of LTC, is comparable with that released by mucosal-type mast cells! Despite limited data available, one would speculate that the profiles of AA metabolism are different among IL-3-induced cell populations of hematopoietic lineage and correspond to those observed in each population freshly isolated from tissues.
In conclusion, the IL-3-dependent cell lines, shown here to be high eicosanoid producers, are stimulated by calcium ionophore A23 187 but not by PMA, LPS, or IL-3. They offer the opportunity to study a regulatory mechanism of AA metabolism in a single clonal cell population. The data also suggest an in vitro model of PGE,-producing cell formation during multilineage hematopoiesis induced by IL-3. For personal use only. on November 10, 2017. by guest www.bloodjournal.org From
